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Abstract 
 
Rapidly available and accurate information about the location and extent of avalanche events is 
important for avalanche forecasting, safety assessments for roads and ski resorts, verification of 
warning products, as well as for hazard mapping and avalanche model calibration / validation. 
Today, observations from individual experts in the field provide isolated information with very limited 
coverage. This study presents a methodology for an automated, systematic and wide-area detection 
and mapping of avalanche deposits using optical remote sensing data of high spatial and radiometric 
resolution. A processing chain, integrating directional, textural and spectral information, is developed 
using ADS40 airborne digital scanner data acquired over a test site near Davos, Switzerland. 
Though certain limitations exist, encouraging detection and mapping accuracies can be reported. 
The presented approach is a promising addition to existing field observation methods for remote 
regions, and can be applied in otherwise inaccessible areas.  
 
Keywords: 
Remote sensing, Avalanche detection, Avalanche mapping, Rapid mapping, Hazard mapping, 
Airborne digital scanner 
1. Introduction 
Snow avalanches are natural processes whereby deposited snow shift to more stable positions. In 
Switzerland, snow-avalanches are relatively rare events but cause more causalities than any other 
natural hazard. During the past 10 years, 223 people died due to avalanches within Switzerland. In 
the winter seasons of 1996/1997 to 2005/2006 avalanches caused approximately 1020 fatal 
causalities within the European Alps (Schweizer, 2008). The Swiss Forum for Climate and Global 
Change predicts a precipitation increase of about 10% during the winter season and a significant 
increase in extreme weather events until the year 2050 in Switzerland (OcCC/ProClim, 2007). 
Avalanche activity is likely to increase at higher elevations due to greater amounts of snow and 
generally more extreme weather events. Development of information about the changing threat from 
natural hazards is essential due to intensified touristic use of Alpine areas (Nöthiger and Elsasser, 
2004). 
 
Avalanche forecasts and simulations are difficult tasks due to the high spatial and temporal 
variability of snowpack properties and the complex interactions of the layers during both the growth 
of the snowpack and the flow of an avalanche (Schweizer et al., 2008; Sovilla et al., 2008). Efforts 
have been made in the past decades to reduce the loss of lives and the damage to infrastructure 
caused by avalanches. The performance of the operational Swiss avalanche warning system has 
been improved by developing a danger scale that has been harmonized within the European 
avalanche warning services and refined for Switzerland (Meister, 1994). Organisational measures 
such as observation of meteorological indicators and early warning systems have been improved 
(Bründl et al., 2004; Russi et al., 2003). Today, a number of technical measures such as the building 
of avalanche protection works and maintaining protection forests provide increased security for 
endangered infrastructure and residential areas within the Alpine area of Switzerland (Schweizer et 
al., 2003). Regional planning measures such as hazard maps, based on avalanche cadastres, 
expert knowledge and topographic information are continually developed to avoid construction of 
new settlements in high danger zones (Gruber, 2001; Gruber and Bartelt, 2007; Gruber and 
Margreth, 2001). Models have been developed, verified and enhanced to predict the flow of 
avalanches and to plan protective measures (Bartelt et al., 1999; Buser, 1983; Ghinoi and Chung, 
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2005; Gruber and Bartelt, 2007; Maggioni and Gruber, 2003). Most of these actions are partly based 
on knowledge of recent and past avalanche events (Gruber and Margreth, 2001; McClung and 
Schaerer, 2006; Purves et al., 2003). 
 
Currently, the detection and mapping of avalanches relies mainly on isolated observations acquired 
by individual experts under field conditions. Consequently, the achieved coverage is rather poor as 
only events within a restricted region can be recorded. Quite often, only avalanches causing 
accidents or resulting in heavy damages are mapped at all. Large parts of the Alpine region are 
inaccessible to observers, especially if the avalanche hazard level is high. Consequently, no 
systematic detection and mapping of avalanches over large areas is carried out today. However, 
acquisition of such data would be important for verification purposes, e.g. for independent 
assessment of the accuracy of avalanche reports. 
 
Remote sensing instruments are able to acquire data over wide areas without restrictions caused by 
poor ground accessibility. Remote sensing technology has been successfully applied to the 
detection and mapping of natural hazards such as landslides (Mantovani et al., 1996; Metternich et 
al., 2005) or floods (Buehler et al., 2006; Henry et al., 2003; Zhang et al., 2002) within Alpine 
regions. The use of remote sensing data to retrieve snow cover properties such as optical equivalent 
diameter of snow grains (Dozier, 1989; Nolin and Dozier, 2000; Painter et al., 2003), free water 
content (Peltoniemi et al., 2005; Schanda et al., 1983; Strozzi and Mätzler, 1998), snow depth 
(Foppa et al., 2007; Markus et al., 2006; Schaffhauser et al., 2008) or contamination content (Painter 
et al., 2001; Warren and Wiscombe, 1980) has been investigated intensively in the past. 
Nevertheless, no investigations have been carried out concerning wide-area detection and mapping 
of snow avalanches. During the exceptional avalanche winter of 1999, aerial imagery was acquired 
to support the mapping of avalanche events. However, the data analysis proved to be extremely 
time consuming, as analogue image interpretation was employed (Wiesinger and Adams, 2008). 
Isolated, disastrous events have been mapped using Quickbird optical satellite data (Huggel et al., 
2005), helicopter based LIDAR data (Vallet et al., 2000) and ERS SAR data (Wiesmann et al., 
2001), but none of the applied methods are adequate for a wide-area and operational mapping of 
large to small size deposits. This paper presents a novel, automated approach to detect and map 
avalanche deposits over large areas using remote sensing data. 
2. Test site Davos 
The mountain range west of Davos (Figure 2), located in the south-eastern part of the Swiss Alps is 
easily accessed due to the existing ski resort infrastructure. Many automated meteorological sensor 
systems have been installed in this area, which has hosted test sites for multiple avalanche and 
snow-related investigations in the past (Kronholm and Schweizer, 2003; Lehning et al., 1999; 
Schweizer and Kronholm, 2007). The western part of the test area is dominated by a mountain 
range with several peaks above 2700 m asl. The Weissfluhjoch (2693 m asl) hosts the old SLF-
building with research facilities, surrounded by further infrastructure dedicated to the tourism 
industry. This area represents the centre of the ski resort Davos-Parsenn. The valley of Davos, 
located at the eastern edge of the test area, hosts the lowest part of the test site at an elevation of 
about 1500 m asl. The numerous steep slopes within the test site are potential zones where 
avalanches can be triggered. Experts from SLF have been observing and mapping avalanche 
occurrences around the ski resort infrastructure for many years. The Alpine terrain, the good 
accessibility, and the long-term experience with avalanche occurrences were ideal preconditions for 
this study.  
3. Sensor technology and data acquisition 
3.1. ADS40 
The airborne digital pushbroom scanner ADS40–SH52, built by Leica Geosystems AG, Heerbrugg, 
Switzerland, is able to acquire high spatial resolution imagery with a dynamic range of 12 bits in five 
spectral bands simultaneously at three observation angles (Figure 1). The radiometrically stable 
instrument belongs to a new generation of airborne sensors, aimed at replacing older analogue 
airborne cameras used for surveying and topographic mapping (Petrie and Walker, 2007). In 
Switzerland, the Federal Office of Topography (swisstopo) and Leica Geosystems operate ADS40 
instruments. Due to its high spatial and radiometric resolution, the sensor is able to detect small 
variations within snow cover even in shadowed regions and therefore has great potential for the 
detection and mapping of avalanche deposits. The technical characteristics of the sensor are listed 
in Table 1. 
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Figure 1 Viewing directions and associated spectral bands as used in this study (modified after 
Leica 2008); inset: drawing of the ADS40–SH52 
 
Focal length 62.7 mm 
Total field of view (across track) 64° 
Number of pixels across track 12’000 
Spatial resolution 5 to 50 cm (dependent on flight level) 
Radiometric resolution 12 bit 
Spectral bands blue: 428 – 492 nm 
green: 533 – 587 nm 
red: 608 – 662 nm 
NIR: 833 – 887 nm 
PAN: 465 – 680 nm 
Look angles blue: nadir, 16° backward 
green: nadir, 16° backward 
red: nadir, 16° backward 
NIR: nadir, 16° backward 
PAN: 27° forward, nadir, 16° backward 
Table 1. Technical specifications of the ADS40-SH52 configuration employed in this study (Leica, 
2008) 
3.2. Data acquisition 
On April 26th 2008, an ADS40-SH52 instrument, mounted on a Pilatus Porter PC6 aircraft and 
operated by Leica Geosystems acquired data over an area of 6 by 15 km (Figure 2). Four strips at 
an average flight level of 2000 meters above ground were recorded between 10:54 and 11:34 local 
time. The resulting average ground sample distance is 20 cm with an overlap between adjacent 
strips of approximately 30%. The area was covered by an unusually large amount of snow the 
season (snowdepth of 2.85 m at the Weissfluhjoch experimental plot 2540 m asl., corresponding to 
135 % of the long time mean). An abrupt warming period shortly before the overflight raised the 
danger of wet slab avalanches. Considering these meteorological conditions, numerous avalanche 
deposits were to be expected within the test area. Simultaneous to the overflight, we collected GPS 
measurements, ground photographs and ASD field-spectroradiometer measurements of accessible 
avalanche deposits. Leica Geosystems preprocessed the data and calibrated it geometrically to a 
resolution of 20 cm. Because such a high spatial resolution is not necessary for the detection and 
mapping of avalanche deposits and the large data volume slows down the processing, the data was 
first scaled to a spatial resolution of one meter, using a windowed sinc(x/a) resampling convolution 
kernel (Hore et al., 2007; Oppenheim and Schaeffer, 1975). 
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Figure 2 Area covered by the ADS40 sensor (red polygon), test sites used for the development and 
evaluation of the methodology (blue rectangles: A Dorfberg, B Casanna and C Haupter 
Taelli), and flight trajectories of the four image stripes (black arrows). The flight trajectories 
were aligned to the solar principal plane (solar azimuth at 11:30 local time was 186°) 
4. Methodology 
4.1. Excluding regions not affected by avalanches 
The probability of avalanche occurrence is dependent on terrain-, meteorological- and snowpack 
parameters (McClung and Schaerer, 2006). Even in high mountain terrain, regions exist where the 
occurrence of an avalanche is implausible. To confine the potential avalanche affected area, 
auxiliary data was used. The numerical simulation tool RAMMS (Rapid Mass Movements), 
developed by the SLF, models avalanche run-out, velocities and flow-heights by solving a system of 
partial differential equations using first and second order finite volume techniques. The starting 
zones are derived automatically from digital elevation data (Maggioni and Gruber, 2003). The model 
can therefore predict the potential area affected by avalanches. It was calibrated and evaluated 
using different well-documented avalanche events in Switzerland, mainly from winter 1999 (Christen 
et al., 2008). Areas not prone to avalanches are excluded using by inverting the RAMMS model 
result (see Figure 3). Very steep slopes are likely to be starting zones of avalanches, but it is very 
unlikely that an avalanche stops its flow within this area (McClung and Schaerer, 2006). Therefore, 
slopes with an inclination of 35° or more are excluded using a digital elevation model with a spatial 
resolution of 25 meters. Due to the limited resolution of the digital elevation model, small avalanche 
endangered areas can be wrongly excluded. The exclusion of these areas is applied to the entire 
test site (see Figure 3). Because avalanche deposits consist mainly of snow, a spectral threshold is 
used to eliminate areas not covered by snow. Deposits of ground avalanches that are completely 
covered by debris can therefore not be detected. 
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Figure 3 Shaded relief of the test area overlaid with the excluded regions based on RAMMS, the 
digital elevation model and the spectral threshold  
4.2. Multidirectional Information 
Smooth snow surfaces show a strong forward scattering (Peltoniemi et al., 2005), while the rough 
surfaces of avalanche deposits cause a mosaic of shadowed and strongly reflecting spots with 
differing directional properties (Mushkin and Gillespie, 2005; Nolin and Payne, 2007). These 
variations in observed radiance are dependent on the illumination and observation angles and are 
described by the bidirectional reflectance distribution function (BRDF). Due to the non-planar 
characteristic of avalanche deposits, the location of these spots in the dataset varies depending on 
the size of the deposition elements and the look angle. Multiangular information is extracted by 
calculating the Normalized Difference Angle Index NDAI (1) using the nadir and backward looking 
NIR bands (Figure 1). This index has shown good results characterising the surface roughness of 
snow using multidirectional MISR data (Nolin et al., 2002). The multiangular information was used to 
extract the characteristically rough texture of avalanche deposits, which can be separated from 
smooth snow surfaces by the naked eye. The BRDF effects observed over disturbed and 
undisturbed snow are strongest in the solar principal plane. Consequently, multiangular imagery is 
best acquired flying straight towards or away from the sun, providing optimal information for 
avalanche deposit detection. The flight trajectories of this study (see Figure 2) were located close to 
the solar principal plane. The detection of the characteristic texture is a local process and therefore 
independent of the flight direction. 
 
€ 
NDAI = NIRbackward − NIRnadirNIRbackward + NIRnadir
  (1) 
 
4.3. Texture analysis 
The spectral characteristics of avalanche deposits and undisturbed snow cover are expected to be 
very similar, as they consist of the same material, yet the naked eye can distinguish between them 
based on their different textures. The NDAI values are analysed using second order statistic texture 
measures, accounting for the spatial and spectral dimension of texture. The number of a specific 
change in pixel value between neighbouring pixels in one direction is counted within a quadratic filter 
box. The result is written to a Grey Level Co-occurrence Matrix (GLCM), used to derive further 
texture measures. A detailed overview of this method is given by (Haralick et al., 1973; Haralick, 
1979; Tuceryan and Jain, 1998). This approach has shown good results for the classification of 
urban structures (Karathanassi et al., 2000; Pesaresi, 2000), agricultural structures (Caridade et al., 
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2008; Delenne et al., 2008) and sea ice (Soh and Tsatsoulis, 1999). Local texture variations are 
helpful indicators for rough snow surfaces. To identify the best measure for the separation of the 
different types of snow surface roughness, different texture measures were tested using varying 
parameter settings. An entropy measure, specifying the “orderliness” of a texture (Haralick et al., 
1973), showed the most stable results and the best separability. High entropy values indicate rough 
snow surfaces, low values the opposite. The rough snow surface is extracted by applying a 
threshold to the entropy values. However, not only avalanche deposits show rough snow surfaces. 
Artificial objects such as ski lifts, traces of snow cats or ski runs and natural surfaces such as wind 
modelled snowpacks or sparsely vegetated areas may exhibit similar texture characteristics. An 
object-based classification approach is used to separate avalanche deposits from other rough 
surfaces. 
4.4. Object-based classification 
Contrary to traditional pixel based approaches, object-based methods classify objects formed by 
adjacent pixels based on a homogeneity criterion. Analysing objects instead of single pixels allows 
for the inclusion of further parameters such as topological-, shape- and statistical information. A 
detailed overview of the object-based classification approach is given by (Benz et al., 2004). We 
used the result of the texture analysis (section 4.3) and ADS40 spectral bands (NIR and green) as 
input layers. We applied directional filters, statistical object information and neighbourhood relations 
to label the data. The majority of artificial objects and natural rough surfaces are separable from the 
avalanche deposits. The detected and mapped avalanches are separated in three classes 
depending on their dimension. These classes are a) large deposits with an area larger than 2000 m2, 
small deposits with an area between 2000 and 100 m2 and very small deposits with an area smaller 
than 100 m2. A flowchart indicationg the classification processing chain is given in Figure 4. 
 
 
Figure 4 Flowchart of the classification processing chain, showing input, intermediate and output 
imagery 
5. Results and discussion 
Qualitative visual comparison of the classification with the full spatial resolution ADS40 data 
indicates a very good detection rate and mapping accuracy. Even deposits in shadowed areas were 
correctly detected. The classification result for large avalanche deposits over the entire test site 
shows an accumulation of large avalanches at the western edge of the scene (Figure 5). This area is 
far away from the village of Davos and its ski resort infrastructure. The experts, observing in the 
field, were not able to detect these events due to their poor accessibility.  
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Figure 5  Classification result for large avalanche deposits (red) over the entire test area 
The largest accessible avalanche deposit within the test area is the Salezer avalanche (test site 
Dorfberg, A in Figure 2). The classification for the Salezer avalanche deposit, presented in higher 
spatial resolution and in an oblique photograph of the same deposit as reference, illustrates the 
achieved classification qualitatively (Figure 6).  
 
 
Figure 6 Classification result for the Salezer avalanche deposit (left) and oblique photograph 
acquired one day before the data acquisition (photograph by R. Meister)  
5.1. Accuracy assessment 
To quantify the reliability of the classification methodology, the avalanche deposits from three test 
sites (A Dorfberg, B Casanna and C Haupter Taelli, Figure 2) were used as ground reference. The 
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team could only collect isolated GPS samples because of restricted accessibility due to avalanche 
danger. Therefore, visual interpretation of the ADS40 data with the full spatial resolution of 20 cm 
was used to determine the location and extent of avalanche deposits within inaccessible regions. To 
assess the detection rate of the algorithm, the percentage of correctly detected deposits in relation to 
the total number of deposits was computed. 106 out of 113 visually identified deposits were correctly 
detected (i.e. 94% accuracy). The deposits not detected by the algorithm were very small deposits, 
most in steep terrain. All major avalanche deposits were detected. To assess the mapping accuracy 
of the algorithm, the shapes of the avalanche deposits within the three test-sites were digitised by 
visual interpretation of the ADS40 full spatial resolution data. The producer’s accuracy measures the 
correctly classified pixels of a class divided by the number of pixels in the ground reference within 
the same class. It indicates the classification quality of the corresponding class (Congalton and 
Green, 1999). The producer’s accuracy reached a value of 87%. Because this investigation focuses 
on the mapping of only one class (avalanche deposits), no further meaningful accuracy measures 
can be calculated. The achieved accuracy verifies the high quality of the data and the chosen 
classification processing chain configuration. 
5.2. Limitations 
Optical remote sensing instruments depend on weather conditions: Fog or clouds can block data 
acquisition. The airborne ADS40 sensor can be operated under cloud cover at high altitudes, but 
dependency on weather conditions remains strong. To help assess limitations due to weather 
conditions, meteorological measurements from the Weissfluhjoch, 2693 m asl (within test site C in 
Figure 2), acquired during the past ten years by the Swiss Federal Office of Meteorology and 
Climatology were analysed. The amount of accumulated new snow was used to indicate potential 
avalanche events, as loading by new snow is one of the most important avalanche triggers 
(McClung and Schaerer, 2006). To indicate the flight opportunity on a specific day, the sunshine 
duration was also used. Accumulated snowfall of 20 cm or more followed by a period with no 
snowfall was chosen as a potential simulated avalanche period to be examined. If one of the 
following 10 days had more than five hours of sunshine, the potential avalanche period was tagged 
as recordable. A potential avalanche period is finished when new snow falls again, as avalanche 
deposits deeply covered by new snow are no longer detectable (see Figure 7). These criteria show 
that for 90% of the simulated avalanche periods during the past 10 years (winter 1998/1999 to 
2007/2008) the acquisition of optical remote sensing data would have been possible. Although the 
assumptions made for this investigation allow only a rough assessment of the optical remote sensing 
data availability, the chance to acquire appropriate data over the Swiss Alps was found to be higher 
than expected (Ju and Roy, 2008). The growing number of appropriate air- and spaceborne optical 
sensors is additionally improving data availability. 
 
 
Figure 7 Example for the statistical assessment of potential data acquisition windows using the 
indicators fresh snowfall and sunshine hours exemplary for the station Weissfluhjoch during 
March 2008 
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Although the vast majority of avalanche deposits were successfully detected and mapped, certain 
limitations should be mentioned. Isolated errors of commission cannot be eliminated by the 
classification processing chain. Wind modelled snowpack, artificially piled snow next to ski-slopes 
and ski lifts, and sparsely vegetated snow cover lead to misclassifications that are considerably 
higher within the classes small and very small deposits than within the class large deposits. The 
misclassification problem is likely to increase if trees and bushes are covered by new snow, as these 
areas can exhibit a very similar texture to avalanches. 
 
The auxiliary input data is based completely (slope) or partially (RAMMS) on a digital elevation 
model (DEM). The spatial resolution of the DEM used in this investigation was 25 meters, coarse in 
comparison to the 1 meter spatial resolution of the scaled ADS40 data. This can cause errors by 
wrongly excluding areas where avalanche deposits can occur. Using a DEM of finer spatial 
resolution can ameliorate this problem. No such DEM data were available for the test area Davos. 
 
Areas not prone to avalanches were excluded prior to the classification process by applying a digital 
elevation model and an avalanche simulation model (see chapter 4.1). For numerous Alpine regions, 
a mass movement model and a high spatial resolution digital elevation model may not be available. 
In such cases the exclusion cannot be performed as described in section 4.1. To assess the 
sensitivity of the methodology for these auxiliary datasets, we reran the classification processing 
chain, once constrained only by steep slopes and once without any constraints. The total area of 
avalanche deposits originally mapped over the whole test area is 2.132 km2. If the model is only 
constrained by slopes equal or steeper than 35°, the mapped avalanche deposit area rises by 0.187 
km2, an increase of 8.7%. A major part of the misclassified area was caused by the rough surface of 
the snow-covered ice floe on lake Davos (see Figure 2, northeastern edge of the test area). Further 
errors of commission occur in the valley caused by rough surfaces such as snow-covered parking 
lots and roads. Although there are more misclassifications when the processing chain is run without 
excluding areas with the avalanche model, the result is still valuable. If the model is constrained by 
neither RAMMS nor slopes equal or steeper than 35°, an additional area of 1.494 km2 or 70% was 
labelled as avalanche deposits. The rough surfaces of steep slopes, mainly caused by visible rocks 
and snowdrift, lead to frequent misclassifications. The effort required to manually correct these 
misclassifications would be very high. The value of an automated classification of avalanche 
deposits without previous exclusion of steep slopes would then be questionable. 
6. Conclusions 
Spatially and radiometrically highly resolved, directional optical remote sensing data is suitable for 
wide-area detection and mapping of avalanche deposits. The proposed classification processing 
chain, integrating directional-, textural- and spectral information provided by the ADS40-SH52 
airborne digital scanner is appropriate to detect and map the majority of avalanche deposits within 
the test area. The presented approach can be applied to gain information about recent avalanche 
events within remote and inaccessible regions. The algorithm detects large scale, catastrophic 
avalanche events and also medium to small size avalanche deposits; even within shadowed areas. 
This information may be used to refine decision-making and forecasting, avalanche cadastres, 
hazard maps and avalanche model calibration / validation. It is a substantial complement to in-situ 
point observations due to its wide-area coverage, offering additional opportunities for avalanche 
hazard verification. The applicability is limited by a) the restricted availability of appropriate sensors 
due to weather conditions and b) misclassifications due to other rough surfaces such as artificial 
snow piles, wind modelled snowpack and sparsely vegetated area. The misclassifications could 
partly be eliminated using a DEM of high spatial resolution that improves the exclusion of avalanche 
safe regions. To verify the findings of this study, the methodology should be tested using data from 
comparable sensors (e.g. the airborne digital scanners DMC and HRSC) on different test sites. 
Since a spatial resolution of one meter proved to be sufficient for this application, spaceborne optical 
sensors with stereo capability (e.g. Quickbird, Ikonos, SPOT5) may be suitable. The new generation 
of spaceborne SAR-Sensors (TerraSAR-X, Cosmo Skymed, Radarsat-2), acquiring data with a 
spatial resolution of close to one meter, overcome the limitations imposed by weather conditions, but 
are hampered by layover, radar-shadow and foreshortening in Alpine terrain (Lillesand and Kiefer, 
2000). The additional automated detection and mapping of avalanche starting and translation zones 
as well as the extraction of the deposition volume would be of high value for avalanche research. 
Further studies have yet to determine whether or not this type of data and methodology can be used 
to achieve these goals. 
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